The transmission ecology of Phytophthora ramorum from bay laurel (Umbellularia californica) leaves was compared between mixed-evergreen and redwood forest types throughout winter and summer disease cycles in central, coastal California. In a preliminary multisite study, we found that abscission rates of infected leaves were higher at mixedevergreen sites. In addition, final infection counts were slightly higher at mixed-evergreen sites or not significantly different than at redwood sites, in part due to competition from other foliar pathogens at redwood sites. In a subsequent, detailed study of paired sites where P. ramorum was the main foliar pathogen, summer survival of P. ramorum in bay laurel leaves was lower in mixed-evergreen forest due to lower recovery from infected attached leaves and higher abscission rates of infected leaves. Onset of inoculum production and new infections of bay laurel leaves occurred later in mixed-evergreen forest. Mean inoculum levels in rainwater and final infection counts on leaves were higher in redwood forest. Based on these two studies, lower summer survival of reservoir inoculum in bay laurel leaves in mixed-evergreen forest may result in delayed onset of both inoculum production and new infections, leading to slower disease progress in the early rainy season compared with redwood forest. Although final infection counts also will depend on other foliar pathogens and disease history, in sites where P. ramorum is the main foliar pathogen, these transmission patterns suggest higher rates of disease spread in redwood forests during rainy seasons of short or average length.
The transmission ecology of Phytophthora ramorum from bay laurel (Umbellularia californica) leaves was compared between mixed-evergreen and redwood forest types throughout winter and summer disease cycles in central, coastal California. In a preliminary multisite study, we found that abscission rates of infected leaves were higher at mixedevergreen sites. In addition, final infection counts were slightly higher at mixed-evergreen sites or not significantly different than at redwood sites, in part due to competition from other foliar pathogens at redwood sites. In a subsequent, detailed study of paired sites where P. ramorum was the main foliar pathogen, summer survival of P. ramorum in bay laurel leaves was lower in mixed-evergreen forest due to lower recovery from infected attached leaves and higher abscission rates of infected leaves. Onset of inoculum production and new infections of bay laurel leaves occurred later in mixed-evergreen forest. Mean inoculum levels in rainwater and final infection counts on leaves were higher in redwood forest. Based on these two studies, lower summer survival of reservoir inoculum in bay laurel leaves in mixed-evergreen forest may result in delayed onset of both inoculum production and new infections, leading to slower disease progress in the early rainy season compared with redwood forest. Although final infection counts also will depend on other foliar pathogens and disease history, in sites where P. ramorum is the main foliar pathogen, these transmission patterns suggest higher rates of disease spread in redwood forests during rainy seasons of short or average length.
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Sudden oak death is an emerging disease affecting >100 host plants in woodlands and nurseries of the United States and Europe (1, 45) . First reported in the San Francisco Bay Area in the mid-1990s (48) , the current geographic range of the pathogen in North American natural ecosystems spans >850 km from south of Big Sur, CA to Curry County in southwestern Oregon (58) . Within this region, the causal agent, Phytophthora ramorum, has potentially killed millions of oak and tanoak trees and continues to invade new forest sites (38, 47) .
At the epicenter of disease in central, coastal California, topography creates a geographic mosaic of forest types (3, 4, 18, 52, 59) . Although initial research has identified the main pathways of transmission for the pathogen in mixed-evergreen forests of this region (17) , studies have yet to identify how the mechanisms underlying transmission can be expected to vary in different forest types throughout the current range of P. ramorum. Yet the ability to predict the spread of the pathogen and the severity of the disease on keystone oak (Quercus spp.) and tanoak (Lithocarpus densiflorus, recently attributed to a new genus Notholithocarpus densiflorus) (32) hosts depends on this knowledge.
Because forest types vary across a topographical landscape, there will be associated changes in microclimate and, consequently, a likelihood of variation in the host × pathogen interaction and pathogen transmission (5, 8, 14, 15, 57) . These changes in microclimate may be due to variation in edaphic factors such as aspect, soil strata, and hydrology that underlie the growth of a particular vegetation type. Differences in the ensuing physical structure of the vegetation itself also will affect light availability and, consequently, temperature and moisture (4, 12) . These are crucial factors that determine survival and sporulation of most pathogens, including Phytophthora spp. (19, 22) . On the level of fine-scale host × pathogen interactions, these environmental variables may affect timing and production of inoculum, length of infectious period, degree of host susceptibility or pathogen virulence, pathogen survival through adverse conditions (dormancy), timing and incidence of new infections, and the overall magnitude and pattern of disease epidemics (5, 8, 11, 16, 17, 23, 26, 29, 33, 34, 39, 40, 44, 47) .
A number of plant-pathogen studies have investigated how these underlying mechanisms of transmission change across different microenvironments. However, many of these studies have been conducted in agricultural or plantation systems (7, 23, 29, 33) . Studies in natural ecosystems have mostly focused on microsite differences within one vegetation type, often at smaller spatial scales, or used artificially altered habitats (2, 33, 35, 36, 43, 50, 53) . Few studies in natural ecosystems have investigated the fine-scale interactions underlying pathogen transmission and how they change across vegetation types (5, 8, 15, 40) .
In this study, we use the sudden oak death pathosystem to test for the effect of forest type on the transmission biology of P. ramorum by examining survival within, sporulation from, and infection on leaves of the same host species, California bay laurel (Umbellularia californica), in two different forest types: mixedevergreen forest (dominated by Quercus agrifolia) and redwood forest. These two forest types are common to the region of P. ramorum infestation on the west coast of the United States (3, 4, 42) .
Although P. ramorum infects >25 host species in these woodlands, nonlethal foliar lesions on bay laurel are the most important host tissue for sporulation by P. ramorum in oak woodlands of California (17, 21, 47) . Lesions form mainly on leaf tips or other areas where water accumulates on leaves, and have been shown to produce up to 17,000 spores/lesion under natural conditions (16) . Levels of inoculum in through-fall rain are up to 20 times higher under bay laurel as opposed to other forest trees (16) . In addition, at the landscape level, infection on bay laurel is known to precede infection on oak and tanoak trees, and the presence of this host is associated with higher levels of oak mortality (28, 31, 54, 55) . Consequently, infections on bay laurel leaves drive the spread of P. ramorum and the onset of lethal infections on oak and tanoak. Understanding how the transmission biology of P. ramorum from bay laurel leaves varies among forest types is fundamental to predicting how P. ramorum will spread through the varied landscapes of central and northern California, and for determining which host species will face the greatest inoculum pressure.
We compared the transmission biology of P. ramorum on bay laurel leaves in mixed-evergreen versus redwood forest through multiple stages of the pathogen's disease cycle that follows annual seasonal climate patterns. This region experiences a Mediterranean climate with cool, wet winters and hot, dry summers. P. ramorum, like most Phytophthora spp., has a disease cycle that involves infection of host tissue, production of infective spores (sporangia containing motile zoospores), movement of infective spores, and reinfection of host tissue (17, 19, 61) . These stages require moisture and occur during the winter rainy season in the study region. In addition, resting spores (chlamydospores) are produced that may allow for survival through summer in a dormant or relatively inactive state (17, 61) .
A multisite census of bay laurel leaves was undertaken across a series of mixed-evergreen and redwood sites in central, coastal California during 2001-2003 to assess leaf infection and abscission. The results of this census suggested that there were differences in the transmission ecology of P. ramorum from bay laurel leaves based on forest type. Detailed experiments were then conducted at paired sites in the Mayacama Mountains (Sonoma County, CA) during 2003-2005 to further characterize transmission in the two forest types. Through these two studies, we asked how summer survival in bay laurel leaves differed between mixed-evergreen and redwood forest by examining pathogen survival (recovery) from attached and abscised leaves, abscission of infected leaves, and leaf water potential. During the winter rainy season, we compared timing and levels of each of the following variables in the two forest types: inoculum in rainwater, inoculum from individual leaf infections, and new infections. Large differences in the length of the rainy season during the two seasons of the paired-site study (2003-04 and 2004-05) allowed us to examine the consequences of the timing of inoculum production and infection for the two forest types and their respective keystone hosts during years with short and extended spring rainfall.
MATERIALS AND METHODS

Multisite census.
Research sites. The mixed-evergreen and redwood sites used in this study spanned a north-south transect of 200 km along the inland coast of central California. This area has a Mediterranean climate with cool, wet winters and hot, dry summers, although summer fog, crucial to redwood growth, can condense on foliage and form precipitation (42) . The mixed-evergreen sites in our study were dominated by coast live oak (Q. agrifolia) and bay laurel, while redwood sites were dominated by tanoak, redwood (Sequoia sempervirens), and bay laurel. Redwood forests generally have lower light and temperature and higher moisture levels than mixed-evergreen forests due to greater moisture requirements for redwood and tanoak as opposed to coast live oak, as well as greater canopy height and closure (42) . At the time of this study, incidence of P. ramorum infection on coast live oak in mixed-evergreen forests throughout this region was 4 to 30%, leading to mortality rates that were four times higher than historical levels (54; J. Davidson, unpublished data). Likewise, tanoak is one of the most susceptible species to P. ramorum, with mortality rates reaching >60% at some sites (31 At the beginning of the rainy season at each of the sites except for the Marin Municipal Water District, 10 uninfected terminal leaves were marked on each of 10 branches on 10 trees for a total of 1,000 leaves per site. At Marin Municipal Water District, five trees (500 leaves) were present in mixed-evergreen forest and five trees (500 leaves) were located in redwood forest. Across all sites, 4,500 leaves were located in mixed-evergreen forest and 5,500 leaves were in redwood forest for a total of 10,000 leaves. During the two rainy seasons, leaves were counted toward the end of the rainy season in March 2002 and April 2003, during midsummer in July, and at the end of the summer in October. In each census, leaves were scored for P. ramorum infection and abscission. Damage due to other pathogens was also noted.
If leaves had pathogen damage consistent with disease symptoms caused by P. ramorum infection, ≈4 mm 2 of leaf material was excised from the margin of healthy and necrotic tissue using surface-sterilized dissecting scissors and forceps and taken back to the laboratory for pathogen isolation on a Phytophthoraselective medium (pimaricin-ampicillin-rifampicin-PCNB agar [PARP]) (19) . After 2 to 3 weeks of culturing, plates were scored for P. ramorum and other Phytophthora spp. based on colony morphology. Other Phytophthora spp. were further identified by sequencing the internal transcribed spacer (ITS) region of ribosomal DNA (25) . Data were pooled across sites within each forest type; leaves infected by other pathogens were excluded from analysis; and the association between abscission, infection by P. ramorum, and forest type was examined with a log-linear model (56) . Specifically, we compared abscission rates of leaves infected by P. ramorum with those of uninfected leaves, abscission rates in mixed-evergreen versus redwood forest, and final infection counts by P. ramorum in the two forest types. We then used likelihood ratio χ 2 analyses with a standard Bonferoni correction to compare abscission rates of both P. ramorum-infected and uninfected leaves in mixed-evergreen versus redwood forest. A separate analysis was used for each year.
To determine whether removal of leaf material affected leaf abscission in the previous experiment and others in this study, we conducted a separate experiment testing the effect of leaf removal on abscission of infected and uninfected bay laurel leaves. On 1 May 2003, at Fairfield Osborn Preserve (FOP), a mixed-evergreen site used in the paired-site study (see Methods), we selected five branches on each of 20 trees for experimental use. On each branch, two infected and two uninfected terminal leaves were chosen. A sterile quarter-inch hole punch was used to remove leaf material from the edge of one infected and one uninfected leaf per branch, resulting in a total of 100 leaves in each of the following categories: (i) infected, nonwounded; (ii) infected, wounded; (iii) uninfected, nonwounded; and (iv) uninfected, wounded. Leaves were counted in July and October 2003 for abscission. The effect of infection and tissue removal on leaf abscission was analyzed with a nominal logistic model. With the exception of log-linear models, all other statistical analyses in this study were performed with JMP 7 (51).
Paired-site study. Research sites. Based on the results of the multisite survey, detailed experiments during 2003-05 were conducted at 2 of the 10 sites: a mixed-evergreen forest at FOP, Sonoma County, CA (122° 35′41′′W, 38° 20′37′′N) and a redwood forest at Jack London State Park (JLSP), Sonoma County, CA (122°W, 38°N) to further investigate differences in transmission throughout the disease cycle in the two forest types. Common weather and disease history made these sites ideal for comparison of differences in transmission factors based on forest type. The two paired forest sites were separated by 5 km of aerial distance on opposite sides of Sonoma Mountain (elevation 700 m). They experienced the same weather patterns, although their aspect, topography, and forest structure resulted in vegetation and microclimate differences, including greater precipitation at the redwood forest (J. Clothier, unpublished data; JLSP, unpublished data). Both sites had comparably high levels of infection on bay laurel trees and were likely to have a shared invasion history because P. ramorum was well established in the Sonoma Mountain region (31, 37) . In addition, P. ramorum was the main foliar pathogen on bay laurel at both sites (see Results) , meaning that competition with other foliar Phytophthora spp. (62) would not confound the transmission biology of our focal pathogen.
The research site at FOP encompassed ≈25 ha of mixedevergreen forest dominated by coast live oak and bay laurel at The research site at JLSP consisted of ≈65 ha of redwood forest dominated by tanoak, redwood, and bay laurel at 235 to 280 m of elevation. Relative densities of individuals were 40.0, 23.7, and 26.0% for tanoak, redwood, and bay laurel, respectively (31) . Infection levels were high: Based on a 2002 study of 30 500-m 2 plots, mean percent infection levels with 95% confidence intervals for tanoak, redwood, and bay laurel at the study site were 44.6 ± 11.2, 1.3 ± 2.5, and 47.8 ± 11.1%, respectively (31; R. Cobb, unpublished data). Yearly rainfall during 2003-04 was 1,200 mm and during 2004-05 was 1,525 mm (measured July to June) (JLSP, unpublished data). Temperature during the study period was -0.2 to 35.16°C (JLSP, unpublished data; P. Maloney, unpublished data). Soils in this forest were volcanic in origin and the dominant series were Spreckles and Goulding (9). Soil pH was 5.5 to 6.1 (20) .
A key difference between the 2 years of the paired-site study at both FOP and JLSP was that rainfall extended into May and June in 2005 whereas minimal amounts of rainfall were detected after Summer survival. Pathogen recovery from attached and abscised leaves. We assessed summer survival of P. ramorum in (i) infected, attached and (ii) infected, abscised bay laurel leaves at the mixed-evergreen site, FOP, versus the redwood site, JLSP, throughout the summer dry season of 2003 (June to November) by plating symptomatic leaves and scoring for pathogen growth (recovery) on a monthly basis. Beginning in mid-June after winter rains stopped and hot, dry summer conditions ensued, five infected leaves were collected from both attached leaves on the tree and abscised leaves in the leaf litter of 15 trees at both sites, for a total of 75 leaves per treatment level and 300 leaves in total. Lesions from leaves were plated on PARP. Initial recovery of P. ramorum was scored after 3 weeks. Plates with no recovery were then stored in the dark at 15°C. Antibiotic activity of PARP medium degrades with time; therefore, leaf lesion tissue was transferred to new PARP plates after 3 months. A final assessment was made on these plates at 4 months to allow time for P. ramorum to break dormancy. A nominal logistic analysis was performed on the data pooled by month to test for the effect of forest type, abscission, and their interaction on pathogen recovery. The significance of individual treatment levels on recovery then was investigated with likelihood ratio χ 2 tests, and the effect of multiple tests accounted for using a standard Bonferoni correction.
Abscission rates of infected leaves. To compare abscission rates of infected leaves in the two forest types, we marked noninfected bay laurel leaves and monitored infection by P. ramorum and leaf abscission at the two forest sites throughout the rainy season and dry season in 2003-04 and 2004-05, years with shortened and extended spring rainfall, respectively. At the beginning of each rainy season before P. ramorum spores were detected in rainwater, 10 uninfected bay laurel leaves on each of 10 terminal branches on each of 10 trees were marked for observation, for a total of 1,000 leaves at each site. We then counted the leaves every 2 weeks during November 2003 to September 2004 and November 2004 to October 2005 to record whether leaves were infected or abscised. For symptomatic lesions, a small piece of leaf (≈4 mm 2 ) was excised for plating on PARP to confirm the presence of P. ramorum. Abscission rates of infected and uninfected leaves were compared between the two forest types in a log-linear model that examined the association between abscission, P. ramorum infection, and forest type. We then used likelihood ratio χ 2 analyses with a standard Bonferoni correction to evaluate abscission rates of P. ramorum-infected and uninfected leaves in the two forest types. A separate analysis was used for each year. This study and analysis were also used to compare the effect of forest type on infection rates in the winter rainy season (see Methods below).
Leaf water potential. Moisture levels are an important factor controlling pathogen survival. Therefore, we compared summer water potential levels in bay laurel foliage at the mixed-evergreen versus the redwood site to determine the relative difference in pathogen energy exertion required to obtain water from the host during the summer survival period. Leaf water potential was assessed at the highest point of water stress at the end of the summer in 2004 and 2006 by measuring the water potential of two replicate leaves from each of 15 trees at both sites using a pressure bomb (PMS Instrument Co., Corvallis, OR; pressure gauge manufactured by ReoTemp Instrument Corporation, San Diego, CA). For both years, a t test was used to test for differences in mean water potential between the two forest sites using the average of the two leaf measurements per tree.
Winter inoculum production and infection. Inoculum in rainwater. Overall patterns of inoculum production in the two forest types were compared by tracking timing and quantity of inoculum production in rainwater at the two sites during the rainy seasons of 2003-04 and 2004-05. Rainwater was collected from 15 locations throughout both forest sites by pooling rainwater collected from three two-gallon buckets set out at each location. Rainwater was collected approximately every 3 weeks within 1 day of the end of individual storm events (duration of 1 to 8 days). Final volume per sample was 0.5 to 3.8 liters, depending on the quantity of rainwater available from a given rain event.
To determine the concentration of P. ramorum propagules, rainwater was filtered through a millipore glass fiber prefilter (Fisher APFD09050) with a 2.7-µm nominal pore size to catch Phytophthora sporangia and zoospores. The filter was then cut into strips and placed filtrate side down on PARP. After 3 to 4 days, strips were removed and colonies of P. ramorum were counted, then recounted several times over the next 3 weeks as colonies emerged. One colony was used as an indication of one viable propagule of P. ramorum. Results were calculated in terms of CFU per liter (17) .
Quantity and timing of inoculum production in rainwater was compared between the two sites using analysis of variance (ANOVA) to test the effects of site, rain date, and their interaction on CFU per liter. A separate analysis was used for each of the two rainy seasons. The ANOVA was weighted by the inverse of the standard deviation of the residuals squared (41,60) because standard transformations did not control for unequal variances among treatment means as indicated by a Levene's Test (30) .
Inoculum from individual infections on bay laurel leaves. To better compare the timing and quantity of inoculum production directly from bay laurel leaves in the two forest types, we quantified zoospores present on the leaf under natural forest conditions during rainstorms at the two sites approximately every 2 weeks throughout the rainy seasons of 2003-04 and 2004-05. At ≈24 h after the start of a rainstorm, when sporangia should have developed, a section of leaf, usually from the leaf tip, that contained the entire symptomatic region and a border of healthy-appearing tissue was cut from one leaf on each of 15 trees at each site and placed in a 2.0-ml snap cap tube with 1.5 ml of sterile deionized water. The leaf was placed with the upper side against the wall of the tube because sporangia form on the abaxial surface (J. M. Davidson, unpublished data). After the collection at a site was complete, vials were placed on ice for 45 min and then allowed to return to room temperature for 1 h to "shock" sporangia into releasing zoospores. The leaf tissue was removed to prevent further sporangia production, and tubes were incubated overnight at 20°C to allow zoospores to encyst so that the solution would be more uniform for counting. The next day, the solutions were vortexed and two 100-µl aliquots were plated onto PARP. Colonies that grew from zoospores were counted at 24 and 48 h. The average final count of the two plates was used to calculate the number of zoospores present in the 1.5 ml of DI water and, consequently, on the leaf.
Quantity and timing of inoculum production on bay laurel leaves was compared between the mixed-evergreen and the redwood site using ANOVA to test the effects of site, rain date, and their interaction on number of spores per leaf. A separate analysis was used for each of the two rainy seasons, and the ANOVA was weighted as described in the "Inoculum in rainwater" section (see above). 
concurrently with the leaf abscission study (see Methods above for details). The time until infection of leaves in both forest types was compared using a proportional hazards survival analysis (30) . The final infection count was compared between the two sites using a log-linear model evaluating the association between infection, abscission, and forest type (See Methods above). Separate analyses were used for both study years. P. ramorum and other pathogens did not commonly co-occur in the same leaf (2001-02: 11/9,960 co-infections; 2002-03: 20/9,754 co-infections). Due to the disassociation of pathogen types, in both years, zero counts occurred for 1 of the 16 treatment combinations of a four-way log-linear model with main effects abscission, infection by P. ramorum, infection by other pathogens, and forest type. Consequently, this model would not converge. In addition, infection by other pathogens was strongly associated with leaf abscission (2001-02: infected, abscised = 27.03% versus uninfected, abscised = 5.22%; 2002-03: infected, abscised = 26.98% versus uninfected, abscised = 9.53%). To avoid confounding the statistical test of the interaction of abscission and P. ramorum infection for leaves that were not infected by P. ramorum but were infected by other pathogens, thus increasing their chance of abscission, leaves that were infected by other pathogens were excluded from analysis. Excluding these leaves left 9,394 and 8,606 samples in 2001-02 and 2002-03, respectively. A three-way log-linear model then was used to examine the association between abscission, infection by P. ramorum, and forest type.
RESULTS
Multisite
In both seasons, a leaf that was infected with P. ramorum was far more likely to abscise than a noninfected leaf (2001- Table 1) . A leaf infected by P. ramorum was more likely to be shed in mixed-evergreen forest than in redwood forest during both study years (2001-02: 54.27 versus 38.30%, χ 2 = 12.09, df = 1, P = 0.0005, n = 469; 2002-03: 54.90 versus 37.72%, χ 2 = 23.94, df = 1, P < 0.0001, n = 803). An uninfected leaf was more likely to abscise in mixed-evergreen forest during 2001-02 (4.84 versus 1.54%, χ 2 = 83.08, P < 0.0001, n = 8,925), although abscission rates of uninfected leaves in the two forest types during 2002-03 were not significantly different (6.14 versus 5.33%, χ 2 = 2.34, P = 0.1258, n = 7,803). The probability of a leaf being infected by P. ramorum was significantly and slightly higher in mixed-evergreen forest for 2001-02 (5.38 versus 4.66%), but not significantly different for 2002-03 (9.63 versus 9.04%) ( Table 1) .
The experiment to test for negative effects of leaf tissue removal showed no effect of removing leaf tissue on leaf abscission. For analysis, 11 leaves in the uninfected categories were excluded because they became infected during the course of the experiment. Of the noninfected leaves, 15.05% (14/93) with wound and 18.75% (18/96) without wound abscised. Of the infected leaves, 79.0% (79/100) with wound and 83.0% (83/100) without wound abscised. These differences were reflected in the nominal logistic analysis, in which the effect of infected on abscission was highly significant (χ 2 = 173.39, df = 1, P < 0.00001) but the effect of wounding (χ 2 = 0.98, df = 1, P = 0.3231) and the interaction between infected and wounded (χ 2 < 0.0001, df = 1, P = 0.9950) were not significant.
Paired-site study. Summer survival. Pathogen recovery from attached and abscised leaves. Survival of P. ramorum as measured by recovery in bay laurel leaves during the summer months was significantly affected by whether the leaf abscised and by the forest type in which the leaf was growing (abscission: χ 2 = 405.37, df = 1, P < 0.00001; forest type: χ 2 = 32.37, df = 1, P < 0.00001). In addition, the forest type × abscission interaction was significant (χ 2 = 8.57, df = 1, P < 0.0034), indicating that the magnitude of the difference in recovery from attached versus abscised leaves differed in the two forest types (Fig. 1) . We used χ 2 analyses with a standard Bonferoni correction to investigate the effects of individual treatment levels on pathogen recovery. In both forest types, recovery was drastically reduced from bay laurel leaves that abscised (mixed-evergreen: 51.78 versus 15.33%, χ 2 = 139.61, P < 0.0001; redwood: 74.00 versus 19.78%, χ 2 = 280.85, P < 0.0001). By the end of the summer dry season, recovery from abscised leaves was <3% at both sites, and often 0% at the mixed-evergreen site (Fig. 1) . In addition, recovery from attached leaves was significantly less in the mixed-evergreen forest, indicating that recovery declined from attached bay laurel leaves in mixed-evergreen forest at a faster rate than in redwood forest throughout the summer (74.00 versus 51.78%, χ 2 = 48.16, P < 0.0001). There was no significant difference in recovery from abscised leaves in the two forest types (mixed-evergreen 15.33 versus redwood 19.78%, χ 2 = 3.08, P = 0.08) (Fig. 1) . Abscission rates of infected leaves. Infection levels were low at both sites in 2003-04, a year with shortened spring rains (mixedevergreen: 2/1,000 leaves; redwood: 86/1,000 leaves) (see Results: "New infections on bay laurel leaves"), preventing a comparison of abscission rates between mixed-evergreen and redwood forest sites. In 2004-05, a year with extended spring rains, high levels of infection at both sites (mixed-evergreen: 553/1,000 leaves; redwood: 636/1,000 leaves) allowed for tracking of leaf a Both models were tested with backwards elimination and could not be reduced. Main effects in this log-linear model are not presented because they indicate differences in sample sizes across levels of that category, and are not of primary interest to the questions tested in this analysis. abscission throughout the rainy season and summer dry season. Using log-linear analysis to evaluate the association between abscission, infection, and forest type, a two-way model was selected by backwards elimination of terms from the full, threeway model, and was determined to be the best fit for the data through comparison of likelihood ratio χ 2 values with the more saturated model. A leaf that was infected by P. ramorum was much more likely to abscise than an uninfected leaf (25.99 versus 3.45%) ( Table 2 ). Overall leaf abscission was greater in mixedevergreen forest (24.40 versus 9.30%) ( Table 2 ). For both infected and uninfected leaves, abscission was more likely to occur in mixed-evergreen than in redwood forest (infected: 39.96 versus 13.84%, χ 2 = 106.92, P < 0.0001; uninfected: 5.15 versus 1.37%, χ 2 = 9.43, P = 0.0021). The nonsignificance of the three-way term in the log-linear model indicates that the magnitude of the difference in abscission rates between infected and noninfected leaves did not change significantly with forest type. The graphical presentation of the data shows that, regardless of infection status or forest type, leaf abscission occurred predominantly during the summer dry season (Fig. 2) .
Leaf water potential. Leaf water potential was significantly higher in bay laurel leaves from redwood forest than from mixedevergreen forest at the end of the summer in both 2004 (Fig. 3A and B) . Inoculum levels also differed significantly among rain dates in each season (all P < 0.0001). The significant interaction of rain date × forest type (all P < 0.02) in both seasons indicated that the difference in inoculum levels between the forest types varied across rain dates. In both 2003-04 and 2004-05, peaks in inoculum production occurred earlier in the rainy season in redwood forest than in mixed-evergreen forest ( Fig. 3A and B) . In addition, extended rains in 2004-05 led to a longer period of inoculum production in both forest types. In mixed-evergreen forest, higher levels of inoculum only occurred with extended spring rains at the end of 2004-05 ( Fig. 3A and B) .
Inoculum from individual infections on bay laurel leaves. For the purpose of analysis, rain dates were excluded if no samples produced spores. In addition, in the low rainfall year, 2003-04, two rain events were excluded because plant parts dried before they could be collected. 2004-05 (LSM redwood 1,019.12 ± 218.98 versus LSM mixedevergreen 638.34 ± SE 139.36; F = 2.15, df = 1, P = 0.1438) (Fig.  3C and D) . Zoospores per leaf differed significantly among rain dates in both seasons (all P < 0.006). The rain date × forest type interaction was significant in 2003-04 (P = 0.0004) but not in 2004-05 (P = 0.2427), indicating that the magnitude of the difference in zoospores per leaf at the two sites varied significantly in the shortened but not the extended spring rainy season. In redwood forest, peaks in zoospore production occurred early in both years. In mixed-evergreen forest, levels of zoospore production remained more constant across the seasons (Fig. 3C and D) . Consistent with the results for inoculum in rainwater, greater rainfall in 2004-05 led to a 17.85-and 5.65-fold increase in peak mean zoospore production for mixed-evergreen and redwood forest, respectively. New infections on bay laurel leaves. Time until infection occurred earlier in redwood forest as opposed to mixed-evergreen forest. In 2003-04, a year with shortened spring rainfall, low levels of infection at the mixed-evergreen site (2/1,000 leaves) prevented statistical analysis of timing of infection. However, 86/1,000 leaves became infected in redwood forest during this time period, demonstrating earlier infection for redwood forest in this year. In 2004-05, a year with extended spring rains, high levels of infection allowed for statistical comparison of timing of infection between the sites with a proportional hazards analysis. Infection occurred earlier in redwood forest (χ 2 = 153.37, df = 1, P < 0.0001) (Fig. 3E and F) .
In 2003-04, low numbers of infection at the mixed-evergreen site prevented the use of a log-linear model with effects abscission, infection, and forest type to compare final infection counts for the two forest types. Consequently, the final infection counts were compared with a likelihood ratio χ 2 test. Infection counts were significantly higher at the redwood site (χ 2 = 105.59, P < 0.0001). In conjunction with the abscission study, final infection counts for 2004-05 were compared for the two forest types in a log-linear model with effects of abscission, infection, and forest type (see Methods and Results for "Abscission rates of infected leaves"). Infection was significantly greater in redwood forest (63.60 versus 55.30%) ( Table 2 ; Fig. 3E and F). Consistent with the inoculum studies, new infections were greatly increased in 2004-05 over 2003-04 at both sites ( Fig. 3E and F) . Isolation of other Phytophthora spp. during the two seasons was extremely low: P. nemorosa was isolated from only 1 of 1,540 bay laurel leaves cultured.
DISCUSSION
For P. ramorum and bay laurel, fine-scale host × pathogen interactions varied with forest type in both the summer dormant and winter reproductive seasons in California oak woodlands. In a detailed, paired-site study, we compared transmission from bay laurel leaves in a mixed-evergreen and redwood forest that shared similar weather patterns and invasion history. These two sites had low levels of other foliar pathogens that would potentially confound comparisons of P. ramorum transmission. We found that summer survival of P. ramorum in bay laurel leaves was lower in mixed-evergreen forest. As the summer progressed, recovery of P. ramorum from attached, infected bay laurel leaves declined at a faster rate in mixed-evergreen than in redwood forest (Fig. 1) . In addition, abscission rates of infected leaves were higher at the mixed-evergreen site, consistent with results from the multisite survey. In the paired-site study, recovery of P. ramorum from abscised leaves in the leaf litter at the end of summer was near zero even after 4 months of incubation (Fig. 1) , indicating that survival was greatly reduced in abscised leaves, or that breaking dormancy from dried leaves may require longer than 4 months. Four months is often longer than the duration of the rainy season in central, coastal California. Therefore, both lower recovery from infected leaves that remained attached and higher abscission rates of infected leaves led to lower summer survival of P. ramorum in mixed-evergreen forest.
Lower summer survival of P. ramorum from these two causes may underlie the relative delay in inoculum production and new infections during the winter rainy season at the mixed-evergreen versus the redwood site in the paired-site study, ultimately leading to lower inoculum levels and fewer new infections in this forest type. Although inoculum and infection levels were more similar for the two sites at the end of a longer than average spring rainy season in 2004-05, the delayed onset in inoculum production suggests that inoculum production and new infections on bay laurel leaves are likely to be low in mixed-evergreen forest in years such as 2003-04, when rains end earlier than normal. Even in average years, when rains extend through April, inoculum levels and new infections in mixed-evergreen forest may only be entering a period of exponential growth when rains stop (Fig. 3) .
Although earlier onset of inoculum production resulted in higher levels of infection in the redwood forest for both seasons of the paired-site study, results from the multisite survey indicated that final infection counts on bay laurel leaves at a site, a measure of transmission success, represent a more complicated ecological process. In contrast to the paired-site study, the probability of a leaf being infected in redwood forest was slightly lower than in mixed-evergreen forest in 2001-02 and not significantly different in 2002-03. Although the darker, wetter conditions of redwood forest favored P. ramorum, they also supported growth of other foliar pathogens, including P. nemorosa, that appeared to competitively exclude P. ramorum and lower P. ramorum infection levels at some redwood sites in the multisite study. Therefore, final infection counts at a site will depend not only on forest type but also on invasion history of P. ramorum and other pathogens.
Pathogen biology leading to earlier onset of inoculum production and higher inoculum levels in throughfall rainwater at the redwood site in the paired-site study may involve not only greater numbers of leaves with viable P. ramorum populations but also higher pathogen fitness from individual leaf infections. Greater summer survival of P. ramorum in redwood forest resulted in more leaves with viable P. ramorum populations to produce infective spores when winter rains began. Subsequent new leaf infections occurring earlier in redwood forest further increased the difference in number of leaf infections contributing to the inoculum pool at the two forest sites. In addition, at the redwood forest site, greater numbers of spores were produced per individual leaf infection in 2003-04, and a tendency toward higher production of spores per leaf occurred in 2004-05, especially early in the season (Fig. 3C and D) . Higher spore counts per leaf infection in redwood forest could be due to greater survival of P. ramorum biomass per leaf during the summer or an earlier emergence from dormancy in these less moisture-stressed populations. In addition, reproduction from new infections in redwood forest are likely to have more viable mycelia and produce more spores than infections from the previous season in either forest type. Winter conditions in redwood forest such as higher moisture levels may also contribute to greater spore production from bay laurel leaf infections in this forest type.
Microclimate differences in light and moisture availability between the two forest types may underlie the differences in transmission dynamics in the summer survival and subsequent winter infective seasons (Dileo, unpublished data). For example, greater canopy openness and lowered contiguous forest are associated with lower relative humidity and fewer infected bay laurel leaves in mixed-evergreen forest (15) . Furthermore, our paired-site study showed lower water potential in bay laurel leaves from the mixed-evergreen forest at the end of both summer dry seasons studied. Although studies are still in progress, chlamydospores on leaves and hyphae within leaves are thought to be P. ramorum survival structures (20) (J. Parke, unpublished data). Lower water potential in bay laurel leaves in mixed-evergreen forest may lead to decreased summer survival of P. ramorum hyphae and chlamydospores or a deeper dormancy that requires a longer time period to break. Higher light levels in mixedevergreen forest also may cause greater desiccation and ultraviolet damage to chlamydospores on the leaf surface.
Higher light levels also may allow for higher abscission rates at mixed-evergreen sites, resulting in a greater loss of reservoir inoculum during the summer. Abscission rates of infected leaves were 1.4 to 2.6 times higher in mixed-evergreen forest compared with redwood forest in the multisite and paired-site studies.
Results from other research indicate that bay laurel leaves in the mixed-evergreen and redwood forests of our paired-site study exhibit different gross morphologies, with leaves at the mixedevergreen site measuring significantly smaller in area (mixedevergreen: 11.30 + 0.35 cm 2 versus redwood: 19.16 + 0.73 cm 2 ) (E. Fichtner, unpublished data). Greater abscission rates of these smaller leaves in the higher light environment are consistent with global trends in leaf traits that show leaf longevity decreasing with specific leaf area and photosynthetic capacity as part of a life history strategy that entails higher growth rates, lower allocation to chemical or structural defenses, and a flexible growth response to sun patches or leaf damage that involves turnover of plant parts (6, 10, 13, 46, 63) .
When infected by P. ramorum, leaves in our studies were 7 to 25 times more likely to be shed than uninfected leaves, depending on forest type and year. Results from the hole-punch experiment were consistent with this outcome: Leaves were shed if they lost tissue due to infection by P. ramorum, not from damage due to wounding alone. Therefore, abscission appears to be a defense by bay laurel against pathogens, and trees in the higher light environment of mixed-evergreen forest may use this defense mechanism more than trees in redwood forest because they can more readily replace leaves (13) .
Abscission rate may be a key factor for predicting timing of onset of winter inoculum production and new infections at a given forest site. Although abscission rates in both the paired and multisite study were associated with mixed-evergreen or redwood forest types that have categorically different light and moisture conditions, within both of these forest types, a range of light and moisture conditions exists (4, 42) . Presumably, these environmental conditions lead to variation in abscission rates and, therefore, differences in pathogen summer survival not only between but also within forest type. Additional studies are needed to investigate whether readily measured surrogates for abscission rate, such as specific leaf area, would be useful predictors of timing of onset of winter inoculum production at a given forest site.
The effect of the delayed onset of inoculum production and new infections in mixed-evergreen forest relative to redwood forest can potentially extend into subsequent dry and rainy seasons (16, 17) . In mixed-evergreen forest during years with average or low spring rainfall, lower inoculum levels may result in fewer leaf infections as well as lower pathogen biomass per infection. These conditions will further decrease survival of reservoir inoculum in bay laurel leaves during the following summer (DiLeo, unpublished data) and, consequently, affect inoculum and new infection buildup in the next rainy season. The long-term effects of short rainy seasons on P. ramorum populations in these two forest types are unknown, and studies are needed to determine the extent to which P. ramorum populations are decreased in the forest canopy after several unfavorable years, especially in mixed-evergreen forests dominated by bay laurel or other foliar hosts with relatively short leaf life spans.
This study highlights the importance of annual variation in rainfall for the course of the P. ramorum epidemic in different forest types. In years with low rainfall, P. ramorum may still spread at low rates and infect tanoak in redwood forest, whereas these years may not show much progression of disease on bay laurel or coast live oak in mixed-evergreen forest. Years with extended rains show dramatically increased transmission in both forest types that result in episodic pulses of large numbers of infected oak and tanoak trees (17, 47, 49) , and are the years in which significant spread to oak trees appears to occur in mixedevergreen forest. This heterogeneity in years and responses in pathogen transmission will affect the dynamics and shape of invasion in the two forest types.
Our study found that fine-scale interactions of transmission differed for P. ramorum and its main driver host, bay laurel, in two of the most common forest types in the range of the pathogen in central coastal California. Summer survival of P. ramorum was lower in bay laurel leaves in drier, more open mixed-evergreen forests than in redwood forests. This was due to lower recovery from attached leaves, as well as higher abscission rates of infected leaves that resulted in virtually no recovery of the pathogen from dried leaves in the leaf litter by the end of the summer. Lower summer survival of reservoir inoculum in bay laurel leaves led to delayed onset of both inoculum production and new infections in mixed-evergreen forest. Predicting transmission patterns in these forests can be confounded by competition from other foliar pathogens, especially in redwood forest. However, in forests where P. ramorum is the main foliar pathogen, the earlier onset of inoculum production and new infections in redwood forest may lead to greater inoculum pressure on vulnerable tanoak trees even in lowrainfall years. Ultimately, the heterogeneity in forest type across the coastal mountain range of P. ramorum in California may lead to differences in invasion speed, disease dynamics, and co-evolution of host and pathogen in these forest types.
